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We address the macroscopic quantumness of the state of mechanical systems subjected to conditional pro-
tocols devised for state engineering in cavity optomechanics. We use a measure of macroscopicity based on
phase-space methods. We cover the domain from weak to strong optomechanical coupling, illustrating how
measurements performed over the cavity eld that drives the dynamics of a mechanical system are able to
steer the laer towards large quantum coherent states. e eect of losses is evaluated for the case of an open
cavity and analyzed in terms of the features of the Wigner functions of the state of the mechanical system. We
also address the case of engineered phonon-subtracted mechanical systems, in full open-system conguration,
demonstrating the existence of optimal working points for the sake of mesoscopic quantumness. Our study is
relevant for and applicable to a broad range of seings, from clamped to levitated mechanical systems.
Ever since Schrodinger’s famous thought experiment [1],
the concept of quantum superpositions in macroscopic sys-
tems has led many, both inside and outside the scientic com-
munity, to reconsider our understanding of physical reality.
ere remain numerous open questions about how the size
of a system is related to its ability to exhibit quantum be-
havior. Macroscopic quantum states can be used to bring
us closer to answering these questions and to understanding
more clearly the quantum-classical boundary [2]. In addi-
tion, states of this kind are valuable resources for quantum
computation and quantum metrology [3].
e identication of successful strategies for the genera-
tion of such macroscopic quantum states is an active area of
investigation. Promising avenues in this direction have been
explored in the eld of cavity optomechanics [4–10], owing
to the possibility oered by such a platform to transfer the
quantumness of the state of a light eld driving the motion
of a mechanical system to the state of the laer. e overar-
ching scope of such endeavors is to take mesoscopic quantum
states one step closer to experimental realization.
However, a currently open question is whether it is possi-
ble to dene a comprehensive gure of merit able to quantify
the degree of macroscopic quantumness of a given state. A
range of measures of macroscopic quantumness have been
proposed [11–28], based on dierent denitions and means
of quantifying this concept. Such measures vary in regard to
the physical systems to which they can be applied, the states
for which they are relevant, and the features that characterize
a given macroscopically quantum state.
In this paper, we focus on an optomechanical seing for
the engineering of macroscopic quantum states and make use
of the measure proposed in Ref. [19]. Such a phase-space
based quantier is instrumental to our purposes in light of
the possibility to apply it to a broad range of both pure and
mixed states of a mechanical system.
With this choice of system and quantier of macroscopic
quantumness in mind, we investigate a scheme for the prepa-
ration of mesoscopic quantum states of a mechanical system
that is assisted by measurements performed on the optical
eld that drives the mechanical motion. We study the impact
that measurements have on the resulting degree of mechan-
ical macroscopicity, analyzing the inuences of the specic
measurement seings on the resultant mechanical state. We
then use the results of such analysis to nd eective measure-
ment strategies to engineer mechanical states with enhanced
degrees of macroscopicity.
e remainder of this paper is organized as follows. In
Sec. I we describe the systems that we consider. We then give
in Sec. II an introduction to the measure of macroscopic quan-
tumness used to characterize the performance of the schemes
that we analyze. In Sec. III we illustrate the eect of condi-
tional strategies on the state of the mechanical system and
quantify the degree of macroscopic quantumness of the lat-
ter when performing either homodyne or heterodyne optical
measurements, seeking for the optimal measurement strat-
egy for the sake of macroscopicity. Sec. IV is dedicated to
the analysis of the eect of cavity damping on the degree of
macroscopicity achieved through such a scheme. Sec. V il-
lustrates an alternative approach to the establishment of me-
chanical macroscopic quantumness based on photon subtrac-
tion. Finally, in Sec. VI we provide our concluding remarks,
while part of our formal analysis is reported in a technical
Appendix.
I. OPTOMECHANICAL SYSTEMS
We consider a standard optomechanical system, which
might consist of a single-sided cavity endowed with a
clamped mechanical nanostructure as well as a standard cav-
ity accommodating a levitated nanoparticle. Regardless of
the specic conguration of the system, the Hamiltonian can
be cast in the form [5]
H = ~ωoa†a+ ~ωmb†b− ~gla†a(b+ b†), (1)
where ωo (ωm) is the frequency of the cavity eld (mechan-
ical mode) whose annihilation and creation operators are a
and a† (b and b†). e rate gl = (ωo/L)
√
~/(2mωm) quan-
ties the vacuum optomechanical coupling strength. Here L
is the length of the cavity and m is the eective mass of the
mechanical oscillator.
e time evolution operator corresponding to the Hamil-
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2tonian in Eq. (1) can be rearranged as
U(τ) = e−ib
†bτe−ira
†aτeik
2(a†a)2[τ−sin(τ)]Dm(kηa†a),
(2)
where the relevant parameters have been rescaled and cast
in a dimensionless form as r = ωo/ωm, k = g/ωm and τ =
ωmt with t the evolution of the system. e term η relates to
the dimensionless evolution time as η = 1 − e−iτ . We have
introduced the displacement operator Dm(x) = exp[xb† −
x∗b], which displaces the state of the mechanical mode in the
phase space. Notice that the amplitude of the displacement
performed in Eq. (2) depends on the number of excitations in
the state of the cavity eld through the number operator a†a.
As in Ref. [5], we take the initial state of the cavity eld
and mirror to be coherent states |α〉c and |β〉m. is can be
achieved by feeding the cavity with an input pump at fre-
quency ωp. We call ∆ = ωo−ωp the detuning between pump
and cavity eld: for a resonant coupling between cavity eld
and external pump (i.e. for ∆ = 0), the state of the former
is asymptotically driven to a coherent state of amplitude de-
termined by the intensity of the laer. As for the mechanical
system, coherent states can be engineered with large purity
using pulsed-driving schemes as in Refs. [29, 30]. For this
initial preparation, the time-evolved state of the system is
|ψ(τ)〉 = e−|α|2/2
∞∑
n=0
cn(α, τ) |n〉c |φn(τ)〉m , (3)
where {|n〉c} are number states of the cavity eld, |φn(τ)〉m
is a coherent state of the mechanical system with amplitude
φn(τ) = kηn + βe
−iτ and we have introduced the coe-
cients
cn(α, τ) =
(αeϕ)n√
n!
eik
2n2[τ−sin(τ)]−irτn (4)
with ϕ = k(ηβ∗eiτ − η∗βe−iτ )/2. As the displacement of
the mechanical mode depends on the number of photons in
the cavity, Eq. (3) describes, in general, an inseparable state.
II. MEASURE OF MACROSCOPIC QUANTUMNESS
We now briey review the measure of macroscopic quan-
tumness that has been used in our quantitative assessment.
Following Ref. [19], we consider the quantity
I(ρ) = 1
2pi
∫
(|γ|2 − 1)|χ(γ)|2d2γ, (5)
where ρ is the density matrix of the system at hand, χ(γ) =
Tr[ρD(γ)] is the Weyl characteristic function of state ρ [31]
and γ ∈ C is a phase-space variable. e rst term in the in-
tegral (depending on |γ|2) quanties the magnitude of phase-
space interference fringes that result from the possible quan-
tum coherence inherent in the state of the system. e square
modulus of the characteristic function, on the other hand,
measures the frequency of such fringes and thus the size of
the superposition state at hand [32]. Eq. (5) thus allows us to
quantify the degree of quantum coherence and size of the sys-
tem simultaneously. Moreover, at variance with other quan-
tiers that have been recently proposed to determine the de-
gree of macroscopicity of a quantum state, such quantity can
be evaluated without the need for dicult optimization or
special decompositions of the state ρ under scrutiny. As I(ρ)
is based on the phase-space features of a state, it is well suited
to address the macroscopic quantumness of bosonic systems
and, in general, all those systems whose phase-space behav-
ior is readily available. e maximum value that I(ρ) can
take is the average number of particles or excitations in the
state of the system Nρ. Such upper bound is achievable only
by pure states, mixed ones giving I(ρ) < Nρ, strictly [32].
As we are interested in characterizing the macroscopic quan-
tumness of the mechanical system, in the remainder of this
work we shall take Nρ = 〈b†b〉.
III. CONDITIONING THE STATE OF THE MECHANICAL
SYSTEM
Eq. (3) shows that the reduced state of the mechanical os-
cillator consists of a convex sum of coherent states, which
will then exhibit no quantum feature. However, the entangle-
ment that is in general shared by cavity eld and mechanical
system allows to condition the state of the laer by means of
controlled quantum operations on the former. In particular,
the performance of projective measurements onto the state of
the cavity eld provides a powerful tool for the achievement
of potentially interesting states of the mechanical system,
when gauged against their degree of non-classicality [5, 9].
In order to generate a quantum state of the mirror, we
thus need to subject the eld to a measurement that results
in the superposition of the coherent states that appear in
Eq. (3). is rules out photon-counting as a suitable strategy
to implement in light of the form of the joint optomechani-
cal states. We thus resort to general-dyne measurements en-
compassing Gaussian measurements, which can be modeled
as von Neumann projections of the cavity eld onto suitable
Gaussian states [31].
In particular, ideal homodyning along arbitrary directions
in phase space implies the projection onto the eigenstates
|x(θ)〉 of the quadrature x(θ) = aeiθ + h.c., i.e.
|x(θ)〉 = e−x2/2
∞∑
n=0
eiθn√
2nn!pi1/4
Hn(x) |n〉 (6)
withHn(x) the Hermite polynomials of order n and variable
x ∈ [−∞,∞] and θ ∈ [0, 2pi] a phase-space angle. As for
ideal heterodyne, they are de facto modelled as projections
onto coherent states |σ〉 with σ ∈ C. In what follows, we
will use the notation M = hom (M = het) to indicate a
homodyne (heterodyne) measurement.
Regardless of the specic form of the measurement being
implemented, the conditional state of the mechanical mode
(aer normalization) can be cast in the general form
|ψ′〉m = NMe−|α|
2/2
∞∑
n=0
dn(α, τ) |φn(τ)〉m (7)
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<latexit sha1_base64="wazT0tWgid s0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91V sA9oYplMbtKhkwczE6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIq K6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9B SJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUw fxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+sn+FQrPg4SoSt WeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYK LyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx 0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit><latexit sha1_base64="wazT0tWgid s0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91V sA9oYplMbtKhkwczE6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIq K6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9B SJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUw fxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+sn+FQrPg4SoSt WeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYK LyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx 0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit><latexit sha1_base64="wazT0tWgid s0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91V sA9oYplMbtKhkwczE6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIq K6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9B SJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUw fxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+sn+FQrPg4SoSt WeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYK LyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx 0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit><latexit sha1_base64="wazT0tWgid s0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91V sA9oYplMbtKhkwczE6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIq K6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9B SJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUw fxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+sn+FQrPg4SoSt WeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYK LyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx 0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit>
I(⇢)
<latexit sha1_base64="q8povhtbbu j5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3Nhd BfuAzlAymUwbmkmGJCOWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s 0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uP RCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7a P14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzbPP4LlRQhgJaR7 XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBY wLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sA F16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit><latexit sha1_base64="q8povhtbbu j5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3Nhd BfuAzlAymUwbmkmGJCOWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s 0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uP RCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7a P14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzbPP4LlRQhgJaR7 XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBY wLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sA F16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit><latexit sha1_base64="q8povhtbbu j5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3Nhd BfuAzlAymUwbmkmGJCOWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s 0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uP RCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7a P14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzbPP4LlRQhgJaR7 XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBY wLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sA F16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit><latexit sha1_base64="q8povhtbbu j5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3Nhd BfuAzlAymUwbmkmGJCOWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s 0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uP RCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7a P14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzbPP4LlRQhgJaR7 XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBY wLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sA F16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit>
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
<latexit sha1_base64="frxg1ETxikgpyVAURNjG6OeZ3Ek=">AAACFXicbVDL SgMxFM3UV62vqks3wSK4KjMi6LLgRncV7APaodzJZNrYTCYkGaEM/Qd3ov/iTty69ldcmWlnYVsPBA7n3Ms9OYHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHaIglP VDcATTkTtGWY4bQrFYU44LQTjG9yv/NElWaJeDATSf0YhoJFjICxUrs/BilhUK25dXcGvEq8gtRQgeag+tMPE5LGVBjCQeue50rjZ6AMI5xOK/1UUwlkDEPas1RATLWf zdJO8ZlVQhwlyj5h8Ez9u5FBrPUkDuxkDGakl71c/NcLFIypWbiehTo/spTIRNd+xoRMDRVkHihKOTYJzivCIVOUGD6xBIhi9k+YjEABMbbIii3LW65mlbQv6p5b9+4 va427orYyOkGn6Bx56Ao10C1qohYi6BE9o1f05rw4786H8zkfLTnFzjFagPP1C+3loAs=</latexit><latexit sha1_base64="frxg1ETxikgpyVAURNjG6OeZ3Ek=">AAACFXicbVDL SgMxFM3UV62vqks3wSK4KjMi6LLgRncV7APaodzJZNrYTCYkGaEM/Qd3ov/iTty69ldcmWlnYVsPBA7n3Ms9OYHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHaIglP VDcATTkTtGWY4bQrFYU44LQTjG9yv/NElWaJeDATSf0YhoJFjICxUrs/BilhUK25dXcGvEq8gtRQgeag+tMPE5LGVBjCQeue50rjZ6AMI5xOK/1UUwlkDEPas1RATLWf zdJO8ZlVQhwlyj5h8Ez9u5FBrPUkDuxkDGakl71c/NcLFIypWbiehTo/spTIRNd+xoRMDRVkHihKOTYJzivCIVOUGD6xBIhi9k+YjEABMbbIii3LW65mlbQv6p5b9+4 va427orYyOkGn6Bx56Ao10C1qohYi6BE9o1f05rw4786H8zkfLTnFzjFagPP1C+3loAs=</latexit><latexit sha1_base64="frxg1ETxikgpyVAURNjG6OeZ3Ek=">AAACFXicbVDL SgMxFM3UV62vqks3wSK4KjMi6LLgRncV7APaodzJZNrYTCYkGaEM/Qd3ov/iTty69ldcmWlnYVsPBA7n3Ms9OYHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHaIglP VDcATTkTtGWY4bQrFYU44LQTjG9yv/NElWaJeDATSf0YhoJFjICxUrs/BilhUK25dXcGvEq8gtRQgeag+tMPE5LGVBjCQeue50rjZ6AMI5xOK/1UUwlkDEPas1RATLWf zdJO8ZlVQhwlyj5h8Ez9u5FBrPUkDuxkDGakl71c/NcLFIypWbiehTo/spTIRNd+xoRMDRVkHihKOTYJzivCIVOUGD6xBIhi9k+YjEABMbbIii3LW65mlbQv6p5b9+4 va427orYyOkGn6Bx56Ao10C1qohYi6BE9o1f05rw4786H8zkfLTnFzjFagPP1C+3loAs=</latexit><latexit sha1_base64="frxg1ETxikgpyVAURNjG6OeZ3Ek=">AAACFXicbVDL SgMxFM3UV62vqks3wSK4KjMi6LLgRncV7APaodzJZNrYTCYkGaEM/Qd3ov/iTty69ldcmWlnYVsPBA7n3Ms9OYHkTBvX/XZKa+sbm1vl7crO7t7+QfXwqK2TVBHaIglP VDcATTkTtGWY4bQrFYU44LQTjG9yv/NElWaJeDATSf0YhoJFjICxUrs/BilhUK25dXcGvEq8gtRQgeag+tMPE5LGVBjCQeue50rjZ6AMI5xOK/1UUwlkDEPas1RATLWf zdJO8ZlVQhwlyj5h8Ez9u5FBrPUkDuxkDGakl71c/NcLFIypWbiehTo/spTIRNd+xoRMDRVkHihKOTYJzivCIVOUGD6xBIhi9k+YjEABMbbIii3LW65mlbQv6p5b9+4 va427orYyOkGn6Bx56Ao10C1qohYi6BE9o1f05rw4786H8zkfLTnFzjFagPP1C+3loAs=</latexit>��� ��� ��� ��� ���
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<latexit sha1_base64="wazT0tWgids0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91VsA9oYplMbtKhkwczE 6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIqK6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9BSJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUwfxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+ sn+FQrPg4SoStWeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYKLyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit><latexit sha1_base64="wazT0tWgids0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91VsA9oYplMbtKhkwczE 6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIqK6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9BSJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUwfxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+ sn+FQrPg4SoStWeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYKLyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit><latexit sha1_base64="wazT0tWgids0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91VsA9oYplMbtKhkwczE 6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIqK6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9BSJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUwfxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+ sn+FQrPg4SoStWeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYKLyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit><latexit sha1_base64="wazT0tWgids0IHF+6nwg0irfiU8=">AAACJXicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIoMuCG91VsA9oYplMbtKhkwczE 6GG/os70X9xJ4Ir/8OVkzYL23rgwuGce7n3Hi/lTCrL+jIqK6tr6xvVzdrW9s7unrl/0JFJJii0acIT0fOIBM5iaCumOPRSASTyOHS90XXhdx9BSJbE92qcghuRMGYBo0RpaWAeOZ4gI1C59+D4JAxBYG8yMOtWw5oCLxO7JHVUojUwfxw/oVkEsaKcSNm3rVS5ORGKUQ6TmpNJSAkdkRD6msYkAunm0+ sn+FQrPg4SoStWeKr+nchJJOU48nRnRNRQLnqF+K83+2xue+7LYsnCRSq4cnMWp5mCmM4OCjKOVYKLyLDPBFDFx5oQKpj+CdMhEYQqHWxNh2UvRrNMOucN22rYdxf15m0ZWxUdoxN0hmx0iZroBrVQG1H0hJ7RK3ozXox348P4nLVWjHLmEM3B+P4FyfumNA==</latexit>
I(⇢)
<latexit sha1_base64="q8povhtbbuj5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3NhdBfuAzlAymUwbmkmGJ COWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uPRCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7aP14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzb PP4LlRQhgJaR7XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBYwLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sAF16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit><latexit sha1_base64="q8povhtbbuj5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3NhdBfuAzlAymUwbmkmGJ COWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uPRCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7aP14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzb PP4LlRQhgJaR7XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBYwLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sAF16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit><latexit sha1_base64="q8povhtbbuj5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3NhdBfuAzlAymUwbmkmGJ COWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uPRCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7aP14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzb PP4LlRQhgJaR7XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBYwLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sAF16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit><latexit sha1_base64="q8povhtbbuj5sUkeIZb3KLdawSc=">AAACI3icbVDLSgMxFM3UV62vsS7dBItQN2VGBF0W3NhdBfuAzlAymUwbmkmGJ COWob/iTvRf3IkbF/6IKzPtLGzrgcDhnHu5JydIGFXacb6s0sbm1vZOebeyt39weGQfV7tKpBKTDhZMyH6AFGGUk46mmpF+IgmKA0Z6weQ293uPRCoq+IOeJsSP0YjTiGKkjTS0q16M9BgjlrVmsO7JsbgY2jWn4cwB14lbkBoo0B7aP14ocBoTrjFDSg1cJ9F+hqSmmJFZxUsVSRCeoBEZGMpRTJSfzb PP4LlRQhgJaR7XcK7+3chQrNQ0DsxknlStern4rxdINCF66XoWqvzISiId3fgZ5UmqCceLQFHKoBYwLwyGVBKs2dQQhCU1f4J4jCTC2tRaMWW5q9Wsk+5lw3Ua7v1VrdkqaiuDU3AG6sAF16AJ7kAbdAAGT+AZvII368V6tz6sz8VoySp2TsASrO9fSguk2A==</latexit>
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
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FIG. 1. Plot of the expectation value of the number operator
(red) and measure of macroscopicity (blue) of the state ⇢B
against the position of the mirror x. Macroscopicity increases
as x increases and it reached its maximum of the expectation
value hni when x = 1.42701. The values of the parameters
are ↵ = 0.8,   = 2, k = 1 and ⌧ = ⇡.
If a probability |dn|2 is close to zero for a particular n,
we can neglect the possibility that state |Bi has any con-
tribution from | n(⌧)i. Fig. 3 shows the plot of these
probabilities for n = 0, . . . , 10. We find that for n > 2,
all probabilities are very close to zero. We can therefore
neglect any coe cients with n > 2 and consider a new
state |Ci made up of only three terms. Moreover, as the
value of the probability when n = 1 is much higher than
the values of the other probabilities, and the values for
n = 0 and n = 2 are roughly the same, we can intro-
duce a new parameter ✓ so that the simplified state |Ci
is given by
|Ci = N (d0(x) | 0(⌧)i+ ✓d1(x) | 1(⌧)i+ d2(x) | 2(⌧)i) .
(15)
The fidelity can now be calculated using this new Wigner
function of state |Ci and the Wigner function of a cat
state of amplitude  . When we maximise this value
for the real and imaginary parts of  , the value of the
FIG. 2. Wigner function of ⇢B when x = 1.42701. It looks
like a cat state, with interference between two positive states.
I have taken ↵ = 0.8,   = 2, k = 1 and ⌧ = ⇡.
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FIG. 3. Plot of the square modulus of the coe cients of the
state |Bi when x = 1.42701, ⌧ = ⇡, k = 1 and ↵ = 0.8 for
di↵erent integer values of n.
position-like quadrature x and parameter ✓, again we find
that | | is very small. However, when we maximise the fi-
delity imposing the constraint that Re( ) and Im( ) must
be at least 0.01, we find that the fidelity reaches a value of
0.9999 when Re( ) = 2.00002, Im( ) = 0.01, x = 1.43614
and ✓ = 4.03225⇥ 10 5.
This value for the fidelity is very high, and indeed when
we look at the Wigner function of state |Ci in Fig. 4,
we find that it looks like the Wigner function of a cat
state. Therefore, we have been successful in generating a
Schro¨dinger cat state in the mechanical mirror of an op-
tomechanical system and there exist macroscopic objects
which can be in a quantum superposition.
Finally, considering the macroscopicity for this simpli-
fied state |Ci, we find that when ✓ = 4.03225 ⇥ 10 5,
the macroscopicity varies with x as in Fig. 5. The state
|Ci is closest to the expectation value of n, and so is
most macroscopically quantum, when x = 1.43594. This
FIG. 4. Wigner function of state |Ci when ↵ = 0.8,   = 2,
k = 1, ⌧ = ⇡ and x = 1.43614. The fidelity between this state
and a cat state proportional to |2 + 0.01ii + | 2  0.01ii is
0.9999.
5π/4 π
3π/4
FIG. 1. (a): We plot the measure of macroscopicity I and the mean
number of excitations 〈b†b〉 against the eective coupling strength
k for homodyne detection with θ = 0 (solid red curves), θ = pi/4
(dashed blue curves) and θ = pi/2 (dot-dashed dark green curves).
We have used α = 0.8, β = 2, x = 0 and τ = pi in our calculations.
Inset: same analysis but for x = 1 and limited to θ = 0, pi/4 only.
(b): We study the behavior of I against x and θ for k = 1. All other
parameters as in panel (a).
withNM a measurement-dependent normalization constant
whose form is immaterial, and dn(α, τ = cn(α, τ)fM (n),
where
fM (n) =
{
1√
n!
e−|σ|
2/2σ∗ for M = het,
1√
2nn! 4
√
pi
e−x
2/2−iθnHn(x) for M = hom.
(8)
In turn, the characteristic function of such conditional
states can be wrien in a general fashion as
χ(γ) = N 2M
∞∑
n,l=0
e−|α|
2Mn,l(α, τ)Fn,l(γ, τ) (9)
with Mn,l(α, τ) = dn(α, τ)d∗l (α, τ), which is fully de-
termined by the choice of measurement being performed,
and Fn,l(α, τ) the universal (i.e. measurement independent)
function
Fn,l(γ, τ) = m〈φl(τ)|D(γ)|φn(τ)〉m
= e−(|φl(τ)|
2+|γ+φn(τ)|2)/2+γφ∗n(τ)−γ∗φl(τ).
(10)
As this is the only γ-dependent part of the characteristic
function, it is the only term contributing to the phase-space
integral inherent in the denition of the measure of macro-
scopic quantumness. We shall thus consider the integral∫
(|γ|2−1)Fn,l(γ, τ)F∗p,q(γ, τ) d2γ = pi[φl(τ)− φp(τ)]∗
× [φq(τ)−φn(τ)]eφ
∗
l (τ)φq(τ)+φn(τ)φ
∗
p(τ)− 12
∑
j=l,n,p |φj(τ)|2 ,
(11)
which would enter Eq. (5) to account for the contribution
arising from the superposition of coherent states in Eq. (7).
A. Eect of Homodyne Detection
With this result at hand, we can now evalu te measure I
for di rent choic of the measurement strategy. Motivated
by Ref. [5], we shall start considering the case of ideal and
general homodyne measurements of the eld, aiming at iden-
tifying the role played by the phase-space angle θ, the eec-
tive interaction strength k and the v lue x(θ) of the homodyne
signal.
In Fig. 1 (a) we address the eect that a growing value of
k has on the measure of macroscopicity for various choices
of the phase-space angle θ and for a homodyne measurement
with postselection of the x = 0 outcome. Only at small val-
ues of k is the laer parameter relevant in the determination
of the degree of macroscopicity. However, there is no clear
hierarchy among the values of I associated with a growing θ
as the curves corresponding to dierent choices of the phase
space angle are very intertwined and cross each other at mul-
tiple points. As k grows, such curves tend towards a mono-
tonic behavior wi h virtually no depe dence on the specic
choice of θ made for the measurement seing. e region of
large values of the eective interaction strength also corre-
sponds to a shrinking gap with the mean number of excita-
tions in the mechanical mode 〈b†b〉, thus providing evidence
of a stronger macroscopically quantum behavior of the condi-
tional state of the mechanical mode. e relation among the
trends followed for the various choices of values of θ consid-
ered in our study is found also in the behavior of the mean
number of excitations, thus showing that I is able to cap-
ture – in a faithful manner – intrinsic features of the states
we have been considering. ese considerations are found to
hold also for x 6= 0, as shown in the example provided by
the inset of Fig. 1 (a), which is for x = 1. While non-zero
values of x deliver the same qualitative results as for x = 0,
the value of k starting from which any dependence on θ is
apparent is larger for x 6= 0 than for projections onto the
origin of the phase space. Moreover, the value of k at which
I ' 〈b†b〉 appears to bear a dependence on the choice of x.
4(a)
θ = 0
θ = π/4
θ = π/2
hb†bi
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FIG. 1. Plot of the expectation value of the number operator
(red) and measure of macroscopicity (blue) of the state ⇢B
against the position of the mirror x. Macroscopicity increases
as x increases and it reached its maximum of the expectation
value hni when x = 1.42701. The values of the parameters
are ↵ = 0.8,   = 2, k = 1 and ⌧ = ⇡.
If a probability |dn|2 is close to zero for a particular n,
we can neglect the possibility that state |Bi has any con-
tribution from | n(⌧)i. Fig. 3 shows the plot of these
probabilities for n = 0, . . . , 10. We find that for n > 2,
all probabilities are very close to zero. We can therefore
neglect any coe cients with n > 2 and consider a new
state |Ci made up of only three terms. Moreover, as the
value of the probability when n = 1 is much higher than
the values of the other probabilities, and the values for
n = 0 and n = 2 are roughly the same, we can intro-
duce a new parameter ✓ so that the simplified state |Ci
is given by
|Ci = N (d0(x) | 0(⌧)i+ ✓d1(x) | 1(⌧)i+ d2(x) | 2(⌧)i) .
(15)
The fidelity can now be calculated using this new Wigner
function of state |Ci and the Wigner function of a cat
state of amplitude  . When we maximise this value
for the real and imaginary parts of  , the value of the
FIG. 2. Wigner function of ⇢B when x = 1.42701. It looks
like a cat state, with interference between two positive states.
I have taken ↵ = 0.8,   = 2, k = 1 and ⌧ = ⇡.
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FIG. 3. Plot of the square modulus of the coe cients of the
state |Bi when x = 1.42701, ⌧ = ⇡, k = 1 and ↵ = 0.8 for
di↵erent integer values of n.
position-like quadrature x and parameter ✓, again we find
that | | is very small. However, when we maximise the fi-
delity imposing the constraint that Re( ) and Im( ) must
be at least 0.01, we find that the fidelity reaches a value of
0.9999 when Re( ) = 2.00002, Im( ) = 0.01, x = 1.43614
and ✓ = 4.03225⇥ 10 5.
This value for the fidelity is very high, and indeed when
we look at the Wigner function of state |Ci in Fig. 4,
we find that it looks like the Wigner function of a cat
state. Therefore, we have been successful in generating a
Schro¨dinger cat state in the mechanical mirror of an op-
tomechanical system and there exist macroscopic objects
which can be in a quantum superposition.
Finally, considering the macroscopicity for this simpli-
fied state |Ci, we find that when ✓ = 4.03225 ⇥ 10 5,
the macroscopicity varies with x as in Fig. 5. The state
|Ci is closest to the expectation value of n, and so is
most macroscopically quantum, when x = 1.43594. This
FIG. 4. Wigner function of state |Ci when ↵ = 0.8,   = 2,
k = 1, ⌧ = ⇡ and x = 1.43614. The fidelity between this state
and a cat state proportional to |2 + 0.01ii + | 2  0.01ii is
0.9999.
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FIG. 2. (a) We study the behavior of I (solid lines) and 〈b†b〉 (dashed
lines) against x for a homodyne measurement with three values of θ
as per the legend. (b) Analysis of Iopt against the phase-space angle
θ for α = 0.8, β = 2, x = 1.42701 and k = 1. e solid line is a
sinusoidal best t trend of the form a+c sin(θ+b) with a = 1.891,
b = pi/2 and c = 0.309.
In order to investigate further the inuence that various
choices of θ and x have on the degree of macroscopicity, we
now x the value of k. As a compromise between the size
of our computation and the degree of macroscopicity that
we aim at achieving, in what follows and unless otherwise
specied, we consider k = 1, which corresponds to a size-
able macroscopic superposition and a working point where
the dependence on θ is less complex than for lower values
of such parameter. Fig. 1 (b) shows that, as x grows, a non-
zero value of θ is detrimental to the degree of macroscopicity
being achieved through homodyne measurements, although
the variations in I are small. is suggests that, regardless
of the value of the homodyne signal being post-selected, the
best strategy is to project onto eigenstates of the position
quadrature. is is further illustrated in Fig. 2 (a), where
we study the relation between I and the mean number of
bosonic excitations against x and for a few values of θ, show-
ing the general decreasing trend of the degree of macroscop-
icity with a growing phase-space angle and the existence of
a θ-independent value of the homodyne signal x¯ = 1.42701
at which I ' 〈b†b〉. We shall call Iopt the degree of macro-
scopicity at this value of x¯. Fig. 2 (b) shows that Iopt follows
an approximatively sinusoidal trend.
Having identied a potentially optimal working point for
the case of homodyne measurements, we now aim at char-
acterizing the state of the mechanical mode achieved corre-
spondingly. To this goal, we focus on the Wigner function of
the mechanical mode at x = x¯, θ = 0 and the parameters
used in Fig. 1 (which are motivated by the analysis reported
in Ref. [5]). e Wigner function of a single harmonic oscil-
lator is dened as
W (δ) =
1
pi2
∫
eγ
∗δ−γδ∗χ(γ)d2γ (12)
with δ ∈ C. Fig. 3 (a) shows signicant quantum coher-
ence in the state of the mechanical mode, as witnessed by the
large interference fringes (taking both positive and negative
values) between two symmetrically placed Gaussian distri-
butions. ese features, which are reminiscent of those of a
Schro¨dinger cat state having the form of a quantum super-
position of coherent states – a similarity that we will address
quantitatively later on in this paper – account for the macro-
scopically quantum character witnessed by I . e analysis of
the Wigner function allows us to gather an intuition of the
depleted degree of macroscopic quantumness resulting from
non-zero values of θ. In Fig. 3 (b) and (c) we report W (δ)
for θ = pi/4 and pi/2 respectively, showing that the symme-
try that is characteristic of the case with θ = 0 is lost. is
suggests that the eect of θ is that of biasing the quantum
superposition towards one component, thus strongly deplet-
ing the other one and justifying intuitively the decrease of I
observed in Fig. 2 (a).
In order to address the similarity of the mechanical mode
state to a quantum superposition of displaced coherent states,
we have considered the state delityF = |〈cat(λ)|ψ′〉m|2 be-
tween the post-measurement state of the mechanical mode
and the cat state |cat(λ)〉 ∝ |λ〉 + |−λ〉 with |±λ〉 two co-
herent states of opposite phase and amplitude λ ∈ C that we
treat as an u known parameter. Maximizing F with respect
to the coherent state amplitude λ of the cat state for x = x¯
and the values of the other parameters used in Fig. 3 (a), we
nd a maximum of 0.592 for Re(λ) ' 0 and Im(λ) = 0.715.
Such delity decreases to 0.5649 and 0.5646 for the parame-
ters corresponding to the Wigner functions in Fig. 3 (b) and
(c) re pectively.
While this result gives evidence of the decreased cat-like
nature of states with non-zero θ, the value of F achieved for
θ = 0 is somehow disappointing. However, a simple anal-
ysis allows us to interpret such result. We shall consider a
simplied version of the conditional state of the mechani-
cal mode consisting only of the most relevant components
in Eq. (7). ese are easily identied by looking at the co-
ecients |Nhome−α2/2dn(α, τ)|2. Fig. 4 (a) shows them for
n = 0, . . . , 10, evidencing that all coecients associated
with n ≥ 3 are in fact negligibly small. We can therefore
consider state |C〉 made up of only three terms. Moreover,
the value of the coecient for n = 1 is much higher than the
5(a) (b) (c)
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FIG. 3. Wigner function of ρB when x = 1.42701. It looks like a cat state, with interference between two positive states. I have taken
α = 0.8, β = 2, k = 1 and τ = pi.
(a)
(b)
FIG. 4. (a): Plot of the coecients |Nhome−α2/2dn(α, τ)|2 against n
for a mechanical state conditioned by homodyning the cavity eld
and post-selecting the outcome x = x¯. We have taken τ = pi,
k = 1, β = 2, θ = 0, and α = 0.8. (b): State delity F between
the conditional state of the mechanical mode considered in panel
(a) and state |C〉 for Im[λ] = 0 and against Re[λ] for µ = 0, .., 1
varying in steps of 0.2 as indicated by black arrow.
that of n = 0 and 2, which are roughly the same. We thus
consider the simplied conditional state |C〉m given by
|C〉m = N ′hom (d0(α, τ) |φ0(τ)〉m + d2(α, τ) |φ2(τ)〉m
+µd1(α, τ) |φ1(τ)〉m)
(13)
withN ′hom the normalization constant and µ a weight param-
eter that we add to gauge the eect that |φ1(τ)〉m has on the
delity with a cat state. In particular, we look for the value
that µ and λ should take in order for the delity to be max-
imum. Our numerical analysis shows that one should take
Im[λ] = 0 and reduce µ as much as possible in order to have
a state delity close to 1 [cf. Fig. 4 (b)]. It is thus clear that the
non-ideal delity highlighted above is the result of the con-
tribution given by |φ1(τ)〉m to the conditional state of the
mechanical mode.
B. Eect of Heterodyne Detection
We have performed a similar analysis when, this time, the
cavity eld is subjected to ideal heterodyne measurements.
As mentioned in Sec. III, these can be formally described as
von Neumann projections onto coherent states of arbitrary
amplitude σ ∈ C, which deliver a conditional state of the
mechanical mode reading
|ψ′〉m = Nhete−|α|
2/2
∞∑
n=0
cn(α, τ)fhet(n) |φn(τ)〉m (14)
with fhet(n) as given in Eq. (8). Scope of the analysis reported
here is not only to infer the eectiveness of this conditional
scheme to generate macroscopic quantum superpositions of
the state of the mechanical mode, but also to evaluate the
relative performance with the scheme based on homodyning.
In Fig. 5 we report a summary of the results that we have
gathered by considering increasing values of the eective
coupling strength k and various choices of the amplitude
σ = σr + iσi. A rst consideration to make is as follows:
when looking at the same range of k as in Fig. 1 (a), the value
of I achieved for a homodyne measurement with x = θ = 0
is comparable with what is found for a heterodyne measure-
ment with σr = 0, σi = 1. We can thus say that projections
onto |x(0) = 0〉 and |σ = i〉 embody comparable resources,
as far as the degree of macroscopic quantumness is con-
cerned. However, contrary to the homodyne-measurement
case – where the gap between degree of macroscopicity and
mean number of excitations remains wide for any k ≤ 2, het-
erodyning returns states such that I ' 〈b†b〉. In this sense,
one can legitimately claim for the superiority of a strategy
based on heterodyning.
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FIG. 5. We plot the measure of macroscopicity I (solid lines) and the
mean number of excitations (dashed lines) against k and for various
choices of the post-selected outcome σ = σr + iσi of an ideal het-
erodyne measurement over the cavity eld. e legend shows the
values of σ chosen in our simulations. All other parameters as in
previous Figures.
Exploring further the phenomenology resulting from het-
erodyne measurements, one intuitively expects that larger
values of |σ| could lead to larger degrees of macroscopicity I
in light of the linear dependence of Eq. (8) from σ∗. is ap-
pears to be the case, as highlighted in Fig. 5, where it is also
shown that the degree of macroscopicity is strongly deter-
mined by the choice of |σ| and not of its real and imaginary
parts per se.
e calculation of the Wigner function associated with the
state of the conditional mechanical oscillator for the three
cases addressed in Fig. 5 leads to the distributions reported in
Fig. 6, which are endowed with signicant quantum coher-
ences, as witnessed by the pronounced interference fringes in
phase space. e dierent shapes taken by the Wigner func-
tions as σ changes can be justied through the analysis of the
distribution of coecients |Nhete−α2/2dn(α, τ)|2 against n:
small values of |σ| give rise to coecients that are monoton-
ically decreasing with n, so that the superposition in Eq. (7)
is strongly biased towards |φ0(α, τ)〉. As |σ| grows, a struc-
ture similar to the one shown in Fig. 4 (a) emerges, leading
to an increasing cat-like nature of the state of the mechanical
mode. An analysis similar to the one performed before for
homodyne measurements shows that for |σ| = 1.75 the state
of the mechanical oscillator can be very well approximated
by the three-component superposition
|ψ′〉m ' Nhete−|α|
2/2
2∑
j=0
(
dj(α, τ) |φj(τ)〉m
)
(15)
with d1(τ) being purely imaginary and d0(τ), d2(τ) ∈ R
such that |d1(τ)|  d0(τ) ' −d2(τ). e corresponding
delity with a cat state of the form |λ〉 − |−λ〉 is as large as
99.92% for λ ' 2.003.
IV. EFFECT OF CAVITY DISSIPATION ON THE DEGREE
OF MACROSCOPICITY
We now address the eect that losses aecting the cav-
ity have on the degree of macroscopicity of the mechanical
mode, thus deviating from the unitary picture discussed so
far. We shall restrict our aention to cavity dissipation, with-
out worry about mechanical damping, as the laer typically
occurs in timescales that are much longer than the decay of
the cavity eld owing to the large mechanical quality factors
that can be achieved in current state-of-the-art optomechan-
ical experiments. We thus model the open-system dynamics
of the overall system through the master equation
dρ
dt
= − i
~
[H, ρ] +
κ
2
(2aρa† − {a†a, ρ}) (16)
where κ is the decay rate of the cavity eld and H is the
Hamiltonian in Eq. (1) in the interaction picture.
Guided by the analysis performed in the previous Sections,
we shall retain a value of the eective coupling strength of
the order of k ∼ 1. is entails that, in order to make our
calculations accurate, we should retain values up to n = 10
in Eq. (3), thus making the direct solution of Eq. (16) a dif-
cult problem. We thus resort to a quantum unravelling ap-
proach [33] based on the chopping of the time window within
which we are interested in tracking the dynamics of the sys-
tem in n 1 small time steps δτ . At the nth time step (such
that nδτ = τ ), we calculate the probability that a quantum
jump of the state |ψ(τ)〉 occurs, which is evaluated as
δp = κδτ 〈ψ(τ)| a†a |ψ(τ)〉 . (17)
Such probability is typically much less than 1. We then gen-
erate a random number  ∈ [0, 1]: should we have  > δp,
the state of the system at time τ + δτ becomes
|ψ(τ + δτ)〉 = (1l− iH˜δτ) |ψ(τ)〉 , (18)
where H˜ is the non-Hermitian interaction-picture Hamilto-
nian
H˜ = −ka†a(beiτ + b†e−iτ )− iκa†a. (19)
In the less probable case of δp > t, a quantum jump de-
scribed by the operator C =
√
κa occurs, eectively leaking
a photon of the cavity. is algorithm is repeated at every
time step to achieve a dynamical trajectory. Many such tra-
jectories are then constructed and the state of the system built
as their ensemble average to remove any dependence over the
realization of the sequence of quantum jumps.
e unraveling strategy is used to address the eect that a
growing cavity decay rate has on the macroscopic nature of
the conditional mechanical state achieved when performing
homodyne measurements (no qualitative dierence is found
when heterodyne measurements are chosen). e results are
reported in Fig. 7, where κ is measured in units of ωm. e
cavity dissipation evidently induces a decrease of the degree
of macroscopicity achieved for κ = 0, θ = 0 and the same pa-
rameters used in the simulations reported in Fig. 1. Moreover,
7(a) (b) (c)
δr δr δr
δi δi δiW(δ) W(δ) W(δ)
FIG. 6. We report the Wigner function associated with the state of the mechanical system for the three cases addressed in Fig. 5 and k = 1.
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FIG. 7. As the cavity damping rate κ increases (in units of ωm),
the degree of macroscopic quantumness decreases and moves fur-
ther away from its upper bound embodied by the mean number of
mechanical excitations. In this plot we have used the parameters
α = 0.8, β = 2, k = 1, τ = pi and δτ = pi × 10−5.
we nd a bifurcation between the mean number of excita-
tions in the mechanical state and I(ρ): as the cavity damping
rate increases, the state of the mechanical system becomes
more mixed than in the unitary-dynamics case, thus magni-
fying the dierence between the actual degree of macroscop-
icity and its maximum achievable value.
How does this result depend on the initial state of the me-
chanical system? In order to address this question we gen-
eralized the assumptions made in the previous Sections and
consider the mechanical mode as initially prepared in the dis-
placed thermal state with an amplitude of displacement equal
to the parameter β used earlier.
e degree of macroscopicity of the state of the mechanical
mode aer homodyne detection is ploed against the cavity
damping rate in Fig. 8. Indeed, the macroscopic quantumness
of the state is much less than when the mirror was initially in
a coherent state. In this case, there is never a point where the
macroscopic quantumness is close to the upper bound pro-
vided by the mean number of excitations in the mechanical
state.
Instances of the shape taken by the Wigner function of the
mechanical system as κ increases are given in Fig. 9, which
illustrates well the causes of the decreased value of I : the
hb†bi
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FIG. 8. Macroscopic quantumness (yellow dots) and 〈b†b〉 (blue dots)
for a mechanical mode initially in a displaced thermal state. e
higher the cavity damping rate κ (in units of ωm), the lower the
macroscopic quantumness of the state and the greater the dierence
between the macroscopicity and its theoretical upper bound.
Gaussian peaks representing the distinguishable components
in the cat-like state engineered by our conditional approach
are made to merge by the increasing damping mechanism,
while the interference fringes become less prominent. We
can still see negativity in the Wigner function for κ/ωm up
to 0.5, thus demonstrating a residual quantum nature of the
corresponding state. However both the amplitude and the
frequency of the fringes are depleted, thus resulting in lower
values of I .
V. MACROSCOPICITY OF EXCITATION-SUBTRACTED
MECHANICAL STATES
In this Section we address another class of non-classical
states achieved by conditioning the mechanical part of an op-
tomechanical system by means of measurements performed
on the cavity eld. Specically, we consider the reduced me-
chanical states achieved by subtracting one photon from the
eld, thus following the scheme proposed in Ref. [34] and
developed further in [35]. Such a scheme is able to gener-
ate non-classical states of the mechanical mode that, under
suitable operating conditions, exhibit a pronounced cat-like
form while resembling a single-excitation number state at
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FIG. 9. Wigner functions of the time evolved state of the mirror
from an initial thermal state when κ/ωm = 0.02, 0.1, 0.2 and 0.5
respectively.
low temperature and for a low-mass mechanical mode.
While we refer to Ref. [34, 35] for details on the protocol
itself, it is sucient to mention here that the conditional state
ρps of the mechanical system achieved upon subjecting the
cavity eld to the subtraction of a single photon can be writ-
ten as
ρps =
N
pi2
∫
χ′(γ)D(−γ)d2γ (20)
with N a normalization constant and χ′(γ) the characteris-
tic function of the reduced state of the mechanical system,
conditioned on the subtraction of a single quantum from the
state of the eld. Its form is immaterial for the scopes of
this manuscript and can be retrieved from Refs. [34, 35]. e
Wigner function corresponding to such state is readily cast
in the form
Wps(δ) = NA(δ)e−2δσ−1δT (21)
with δ = (Re(δ), Im(δ)) the vector of phase-space vari-
ables, σ = diag[(∆x)2, (∆p)2] the matrix of variances of the
quadrature operators of the mechanical mode, and A(δ) a
second-degree polynomial of variable δ. Depending on the
parameters of the problem, A(δ) can take negative values in
certain regions of the phase space, thus leading to the possi-
bility to enforce mechanical non-classicality through photon
subtraction.
e evaluation of the measure of macroscopic quantum-
ness is then performed using the alternative expression for
I(ρ) given in Ref. [19]
I(ρps) = −pi
2
∫
d2δWps(δ)∂
2
δδ∗Wps(δ), (22)
while the evaluation of the mean number of excitations in the
state of the mechanical mode makes use of the expression
〈b†b〉 =
∫
|δ|2Wps(δ) d2δ − 1
2
, (23)
which can be easily proven following Ref. [31] and the lines
sketched in the Appendix. e results of our analysis are re-
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FIG. 1. Plot of the expectation value of the number operator
(red) and measure of macroscopicity (blue) of the state ⇢B
against the position of the mirror x. Macroscopicity increases
as x increases and it reached its maximum of the expectation
value hni when x = 1.42701. The values of the parameters
are ↵ = 0.8,   = 2, k = 1 and ⌧ = ⇡.
If a probability |dn|2 is close to zero for a particular n,
we can neglect the possibility that state |Bi has any con-
tribution from | n(⌧)i. Fig. 3 shows the plot of these
probabilities for n = 0, . . . , 10. We find that for n > 2,
all probabilities are very close to zero. We can therefore
neglect any coe cients with n > 2 and consider a new
state |Ci made up of only three terms. Moreover, as the
value of the probability when n = 1 is much higher than
the values of the other probabilities, and the values for
n = 0 and n = 2 are roughly the same, we can intro-
duce a new parameter ✓ so that the simplified state |Ci
is given by
|Ci = N (d0(x) | 0(⌧)i+ ✓d1(x) | 1(⌧)i+ d2(x) | 2(⌧)i) .
(15)
The fidelity can now be calculated using this new Wigner
function of state |Ci and the Wigner function of a cat
state of amplitude  . When we maximise this value
for the real and imaginary parts of  , the value of the
FIG. 2. Wigner function of ⇢B when x = 1.42701. It looks
like a cat state, with interference between two positive states.
I have taken ↵ = 0.8,   = 2, k = 1 and ⌧ = ⇡.
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FIG. 3. Plot of the square modulus of the coe cients of the
state |Bi when x = 1.42701, ⌧ = ⇡, k = 1 and ↵ = 0.8 for
di↵erent integer values of n.
position-like quadrature x and parameter ✓, again we find
that | | is very small. However, when we maximise the fi-
delity imposing the constraint that Re( ) and Im( ) must
be at least 0.01, we find that the fidelity reaches a value of
0.9999 when Re( ) = 2.00002, Im( ) = 0.01, x = 1.43614
and ✓ = 4.03225⇥ 10 5.
This value for the fidelity is very high, and indeed when
we look at the Wigner function of state |Ci in Fig. 4,
we find that it looks like the Wigner function of a cat
state. Therefore, we have been successful in generating a
Schro¨dinger cat state in the mechanical mirror of an op-
tomechanical system and there exist macroscopic objects
which can be in a quantum superposition.
Finally, considering the macroscopicity for this simpli-
fied state |Ci, we find that when ✓ = 4.03225 ⇥ 10 5,
the macroscopicity varies with x as in Fig. 5. The state
|Ci is closest to the expectation value of n, and so is
most macroscopically quantum, when x = 1.43594. This
FIG. 4. Wigner function of state |Ci when ↵ = 0.8,   = 2,
k = 1, ⌧ = ⇡ and x = 1.43614. The fidelity between this state
and a cat state proportional to |2 + 0.01ii + | 2  0.01ii is
0.9999.
FIG. 10. Measure of macroscopicity I (blue) and 〈b†b〉 (red) as de-
tuning between the external pump and cavity eld ∆ increases. e
Wigner function of the mechanical state is shown for various val-
ues of ∆ including the point where I is maximum. At this poi t we
can see negativity in the Wigner function indicating the quantum
nature of the state.
ported in Fig. 10, where we study the measure of macroscop-
icity against the detuning ∆ between external pump and cav-
ity eld in relation to the Wigner function of the mechanical
mode. ere is clearly a working point – corresponding to
small values of ∆ with respect to the cavity frequency – at
which the mechanical mode achieves the largest macroscopic
quantumness allowed by the conditions of its dynamics, al-
though such value is far from being the maximum possible
one, as it can be appreciated by comparing I(ρps) t the red
curve in Fig. 10, which shows the mean number of excitations
in the reduced mechanical state. Such a discrepancy is eas-
ily justied by the fact that the initial state of the mechanical
system considered in this analysis is mixed.
VI. CONCLUSIONS
We have studied the relative performance of conditional
measurements that can be made on a cavity eld in an
optomechanical system to engineer macroscopic quantum
states of a mechanical mode. We focused on the inuence
that the measurement seings of general homodyne and het-
erodyne measurements performed on the light eld of an
optomechanical system have on the degree of macroscopic-
ity of the mechanical state. Both classes of Gaussian mea-
surements are successful in generating macroscopic quan-
tum states, steering the mechanical mode towards states that
strongly resemble Schro¨dinger cat states. However, qualita-
tively signicant dierences emerge from dierent choices
of general-dyne measurements performed on the light eld,
showing that the specic conditional choice to apply in or-
der to generate a macroscopically quantum state should be
gauged against the operating conditions of the optomechan-
ical system. Furthermore, the quantum nature of the state
persists even in the presence of dissipative processes, mak-
ing the conditional scheme for mechanical macroscopicity
9robust. Secondly, we studied the eect of a scheme based
on photon subtraction on the degree of macroscopic quan-
tumness of the mechanical mode nding working points at
which it is possible to generate a mechanical state exhibit-
ing macroscopic quantum features, although the degree of
macroscopic quantumness remains comparatively low. Our
study, which is based on a general optomechanical system [cf.
Eq. (1)], provides results that are relevant for a range of dier-
ent experimental seings [4], including cavity-less platforms
where the ability to reconstruct quasi-probability functions
has been demonstrated [36].
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APPENDIX
Here we provide details on the calculation of the expres-
sion in Eq. (23), which can be deduced from the calculation of
the Wigner function of operator b†b and the use of the trace
rule in phase space. We start from Eq. (20), from which we
have
〈b†b〉 = N
pi2
∫
χ′(γ)Tr[b†bD(−γ)]d2γ. (24)
e trace within the integral can be evaluated using the cyclic
property of trace, the commutation relation [b, b†] = 1 and
the over-complete basis of coherent states as follows
Tr[b†bD(−γ)] ≡ Tr[b†D(−γ)b]− Tr[D(−γ)]
= Tr[b†D(−γ)b]− piδ2(−γ)
=
1
pi
∫
|β|2e−|γ|2/2+γ∗β−γβ∗ d2β − piδ2(−γ).
(25)
When used in Eq. (24) withχ′(γ) replaced by the anti-Fourier
transform of the Wigner function Wps(δ), one nd the ex-
pression in Eq. (23).
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